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Nowadays, titanium and alloy materials are encouraged for biomedical applications. Fabrication of the passive layer over the
titanium materials is limited. Typically, a plain titanium sample is not suitable for bioimplant applications because the
adhesion of biological elements like blood cells, tissues, and bones is poor. The use of surface-modiﬁed titanium resolves this
issue. Surface modiﬁcations on titanium by electrochemical methods are simple and cost-eﬀective. The addition of water to the
ethylene-based electrolyte-enhanced the oxidation process to increase the length of the nanotubes. Surface morphological
analysis shows that the length of the nanotubes has been increased, nanoindentation analysis delivers that increasing the length
has been increased the hardness level, and corrosion analysis indicates that the length of nanotubes encouraged the corrosion
resistance. Potentiodynamic polarization, Bode and Nyquist plots were models ﬁt analyzed with equivalent electrical circuits.
Sample cell viability was characterized with NIH-3T3 cells using an inverted microscopy analyzer.

1. Introduction
Recently, biomedical device fabrication processes have been
gaining signiﬁcant attention from researchers. Titanium
alloys are best suited to fabricate biomedical implants as they
possess good adaptability in the biological environment.
However, the material in as received condition possesses
poor biocompatibility characteristics, making it lethal to
the human body [1]. For enhanced bioadaptability of the
Ti alloy with toxicity behaviour, the surface needs to be
modiﬁed. Diﬀerent techniques are available for material surface modiﬁcation like physical vapour deposition, chemical
vapour deposition, sol-gel, hydrothermal, and electrochemical anodization. From the techniques mentioned above, the
electrochemical anodization is the easiest and feasible
technique for surface modiﬁcation. Compared to other
techniques, electrochemical anodization needs a simple
working setup that consumes low space and energy to fabri-

cate the stable and compact TiO2 nanotubes on the surface
of the Ti foil [2]. In the anodization process, the presence
of the ion particles in the electrolyte provides continuous
etching according to the theory of ﬁeld-assisted dissolution,
resulting in the oxide layers formed over the nanotubes
[3]. The ﬂuorine-based electrolytes were observed to
produce better etching, according to Zwilling et al. 1999
[4]. Gong et al. 2001 [5] introduced vertical oriented
hydroﬂuoric-based electrolyte to fabricate the TiO2 nanotubes [4]. The researchers [1–4] found that nanotube geometrical performances have been varied by electrolyte
concentration. NH4F, sodium sulfate, H2PO4, (NH4)2SO4
[6], H3PO4, ethylene glycol, glycerol, and various electrolyte
combinations were utilized to fabricate the TiO2 nanotubes.
Processing time was reported to have a strong inﬂuence on
the anodization process [7]. The geometrical properties have
been improved with the control of the anodization time and
potential of the electrolyte [8]. Temperature maintenance in

2
electrolytes delivers a good result. Pishkar et al. deliver a
report on electrolyte temperature at ~20°C with various
input potentials deliver the length of the nanotube around
7 μm at various input conditions, water content, and anodization time [9]. In addition, the eﬀect of electrolyte-water
content presences also plays a major role in the anodization
process. Sreekantan et al. 2011 showed the use of varying
input parameters like voltage and time in 15% of water content electrolytes produced nanotubes ~17 μm length. From
these results, it is concluded that water content in electrolytes inﬂuenced the length of nanotubes. From another analysis, the water content around 5 vol. % delivers the length of
6.69 μm could be identiﬁed at 50 V of input potential [11].
Sometimes, the overdose of water content may be strongly
disagreed with because the maximized water contents are
not suitable for the nanotube growth [12]. A suitable level
of water contents highly encouraged the growth rate of
nanotube formation on the materials was identiﬁed [13].
The nanotube formation with high water content on the
electrolyte, the rib formation [14] could be identiﬁed. Moreover, these rib formations are encouraging the hardness
values were reported.
The need to increase the length of nanotubes is to
achieve enough cell attachment with the bone and related
areas, which are only in direct contact with the compact surface layer. The morphology of the nanotubes formed was
highly aﬀected by the water content % in the electrolyte, as
the variation in the water content determined the dissolution
of F- and H+ ions during the anodization process [15]. The
initial delay in the addition of varying water content % in
the electrolyte aﬀects the electrochemical kinetics during
the electrochemical anodization process. Therefore, the samples fabricated under diﬀerent water content percentages
with delayed addition were analyzed for the surface morphological behaviour. For this reason, the prime focus is given
on the length of the nanotubes. The novelty of this research
is to increase the length of the nanotubes by increasing the
water content in the ethylene glycol electrolyte after 5
minutes of anodization. In addition, the nanotube surface
morphologies were analyzed by high-resolution scanning
electron microscope (HR-SEM), nanomechanical properties
were analyzed by nanoindentation, and corrosion behaviour
was studied with the use of Gamry instruments cell viability
was characterized by an inverted microscope analyzer.

2. Materials and Methods
Commercially pure titanium was used to fabricate the TiO2
nanotubes. Titanium plates of 20 ∗ 35 mm 1 mm thickness
were prepared for anodization by polishing the sample with
the assistance of 180, 400, 800, and 1500 grid size papers to
obtain mirror-like polish. The mirror-like structure has been
etched with 1, 4, and 5% hydroﬂuoric acid, nitric acid, and
water content for a 30 s etching period. The etched sample
was cleaned with distilled water to remove the poisonous
content over the material and dried with hot air for 60 s.
The prepared sample was sealed with cellophane tape in
the unetched area. SBF (simulated body ﬂuid) solution was
prepared with the following regents NaCl 80.35, NaHCO3
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0.355, KCl 0.225, K2HPO4.3H2O 0.231, MgCl2.6H2O 0.311,
CaCl2 0.292, Na2SO4 0.072, and Tris buﬀer solution 6.118 g
(if pH values less than 7.4) then HCl used to increase the
pH value above 7.45.
The prepared sample was connected with an anode terminal, and the cathode terminal was connected with the
platinum wire of 1 mm diameter. Both the anode and cathode were dipped in an electrolyte containing ethylene glycol,
NH4F (0.5 wt%) without water. Input potential was selected
as 30 V for 1 hour of anodization period, after 5 minutes of
the experiment, 10 vol. % of water was added till the rest
of the experiment was completed. In another experiment,
20 vol. % water was added after 5 minutes after the
experiments started. Post the anodization process; the samples were subjected to heat treatment at 600°C for 1 hr for
phase conversion. The diﬀerent phases in the synthesized
nanotubes were identiﬁed using XRD. The in vitro analysis
for the cell toxicity was conducted with the help of MTT
(2, 3-bis-(2-methoxy–4–nitro–5–sulfophenyl)-2H–tetrazolium–5-carboxamide), which is a yellow colour salt, that is
metabolized by living cells into nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NADPH). MTT assay is the widely employed
method to determine cell culture viability after incubation
of a drug for a stipulated time. When yellow colour MTT
is added to the culture, the viable cells convert the yellow salt
to purple colour formazan crystals. These purple formazan
crystals could be solubilized using dimethyl sulfoxide
(DMSO) to read the absorbance at 595 nm using an absorbance reader.

3. Results and Discussion
HRSEM, XRD, and nanoindentation techniques characterized anodized TiO2 nanotubes. The surface morphological
analysis by HRSEM showed the formation of top, open,
and bottom closed cylindrical types of nanotubes. The
mechanical properties of nanotubes were identiﬁed with a
nanoindentation analyzer. Berkovich nanoindentation tip
was used to characterize the nanotube hardness, contact
depth, and elastic modulus of the nanotubes have been identiﬁed. H indicated the hardness value of the nanotubes and H
= Pmax /A. Pmax is the maximum load applied to the material,
and A indicates the contact area between the indenter to the
nanotubes. The area to the nanoindenter, A is presented in
equation (1). S stiﬀness coeﬃcient is shown in equation (2)
A=

qﬃﬃﬃﬃﬃﬃﬃﬃ
3
3h2f tan2 65:3 = 23:69h2f ,

ð1Þ

where h f = hmax = −εPmax /S:
S indicates the stiﬀness coeﬃcient of unloading curves.



∂p
h = hmax :
S=
∂h

ð2Þ

Corrosion analysis of TiO2 nanotubes was analyzed by
Gamry instrument 1010 interface. The kinetic behaviour of
the nanotube was characterized with the help of the SBF
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solution. The solution was prepared and used within 24
hours after preparation. The potentiodynamic polarization
studies were used to analyze the corrosion behaviour of
nanotubes and bode plots, and Nyquist plots were used to
analyze the kinetic behaviour of nanotubes. Equivalent electrical circuits (EES) were modelled to ﬁt with the bode plots.
The NIH -3T3 cells were utilized to identify the cell viability
of the TiO2 nanotubes.
3.1. Surface Morphological Analysis. Commercially pure titanium has been used to fabricate the TiO2 nanotubes. The
HR-SEM analysis identiﬁed diﬀerent surface morphological
results. Figure 1(a) shows the nanotubes fabricated under
10 vol. % of water content. The nanotube surface morphology indicates that the rib structure has been formed in the
initial section due to the water content added to the electrolyte. The same scenario is also observed in the sample fabricated at 20 vol. % of water contents. The nanotube all over
rib structures could be achieved as shown in Figure 1(b).
The tube top layers showed the self-organized nanotubes
are shown in Figure 1(c). The tube growth has been varied.
The ups and down layers have been identiﬁed from
Figures 1(c) and 1(d). The even formation that has been
slightly modiﬁed in the presence of water contents shows
the water content has varied the formation of nanotubes.
The tube diameter and length variation are due to the
increased oxidation (O2 or OH- ions) due to the high water
content, which is explained by the following chemical reactions occurring during the anodization process [15].
Electrochemical reaction on the water, 2H2 O—>O2 + 4 e− + 4H+ ,
Produced O2 reacts with Ti to form TiO2 , Ti + O2 —>TiO2 :

ð3Þ
The dissolution of the Ti ions in the electrolyte solution
at the metal and oxide interface under the electric ﬁeld is
presented as
Ti 4++6 F − — > TiF62−:

ð4Þ

The synthesis of TiO2 nanotubes on the Ti foil through
anodization is presented as
TiF6 2− + 2 H2 O—>TiO2 + 6 F− + 4H+ :

ð5Þ

The ﬂuorine ions observed in equations (4) and (5)
result in forming the pitting of the oxide layer. The tubes
formed due to the pitting action were observed to dissolve
into the oxide layer chemically. The variations in the dimensions of the formed tubes indicate the inﬂuence of increased
H2O concentration, which determined the dissolution rate
of F- and H+ ions. As a result, due to the increased dissolution of F- and H+ ions with the high water content %, the
growth of the nanotubes increased [16, 17].
Furthermore, various factors can also aﬀect the formation of TiO2 nanotubes. There are diﬀerent combinations
of possibilities that assist in forming self-organized nanotubes on titanium surface by electrolyte containing ethylene

glycol, ammonium ﬂuoride and water content %, electrolyte
temperature, and input potential anodization time [18–20].
3.2. XRD Analysis. The crystalline phase transformation has
been analyzed by X-ray diﬀraction. The water involved
anodized samples were heat-treated up to 600°C. The diffraction peaks were found in 38.39, 40.16, 52.92, 62.88, and
70.63° major for titanium phases. 25.26° for the amorphous
and rutile phases were identiﬁed as follows 27.46, 54.33,
and 56.72° were identiﬁed. However, the plain titanium sample indicates the absence of amorphous and rutile phases
shown in Figure 2(a). After anodized the sample involved
to heat treatment to 450°C, the sample’s phases indicated
that the amorphous peak was noted as (A), and the amorphous phases were brittle and weak. Further heat treatment,
the amorphous phases is converted to a crystalline structure.
About 550°C, the samples indicated the mixed amorphous
and crystalline phases shown in Figure 2(b). Furthermore,
increased heat in the samples indicated highly crystalline
phases, identiﬁed in Figure 2(c).
3.3. Nanomechanical Property Analysis. The mechanical
properties of the TiO2 nanotubes fabricated in the water
adding method are shown in Figure 3. The plain anodized
samples were shown in sample 1 and sample 2. The anodized samples are amorphous and weak in phase structure.
The molecular bonding was weak. After annealing temperature (sample 3 and sample 4), the weak amorphous structure
has been converted to solid crystalline structures. After the
phase conversion, the samples showed increased hardness
values from 648, 648.71, 649, and 650.25 nm. The nanoindentation experiments start at zero (point an in Figure 2) indicating zero load. After increasing the load, the graph gradually
increased 50 μN/sec to point (b) at a maximum load of
9000 μN. Then, the load is held for few seconds to point (c).
Post the dwell period; the load is decreased to point (d) at
the rate of 100 μN/sec. The straight line indicates that the sample is in plastic behaviour of superplasticity behaviour.
3.4. Corrosion Analysis. In this section, the corrosion behaviour of TiO2 nanotubes fabricated in the water addition
method was analyzed. The Gamry 1010 interface with SBF
medium was utilized to analyze the behaviour was characterized. Every time, a fresh SBF was prepared and used for this
analysis. Anodized samples were connected with the positive
terminal, the platinum wire was connected with the negative
terminal, and calomel was used as a reference electrode. The
potentiodynamic study was analysis conducted between -0.5
and 5 mv.
3.5. Potentiodynamic Polarization. Corrosion occurs based
on the direct chemical reaction on the surface of the material. Figure 3 represents the polarization study of the plain
sample (1), TiO2 nanotubes fabricated with 10 vol.% of water
added (10 vol. % (2), 20 vol.% (3)) condition after 5 minutes
of anodization starts. These curves evaded that corrosion
current density has been decreased and potential values get
increased. This current density and potential changes
indicated that corrosion resistivity has increased due to the
passivation layer (TiO2) oxide layer. Table 1 represents the
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Figure 1: Surface morphological analysis of TiO2 nanotubes fabricated with the use of water drop analysis.
(Ti)

Intensity (a.u.)

(Ti)
(R)
(Ti)
(Ti)
(R)(R)

(Ti)

(Ti)

(d)

(A)

(c)
(b)
(a)
20

30

40

50
2𝜃 (Degree)

60

70

600°C
550°C
450°C

Figure 2: TiO2 nanotubes phase change analysis by XRD.

Ecorr and icorr values that were changed due to the passivation layer thickness increment. The polarization curves
start from the active region (-0.5 mV) to the passive region
(+ 4 mV), which is the standard measurement method of

this type of sample [21]. The cathodic reaction is nothing
but the gain of electrons from the environment to the material. The anodic reaction loses the electrons from material to
environment. A solution containing dissolved ions capable
of carrying electricity is known as an electrolyte. An aqueous
solution, or water with dissolved ions, is the most common
electrolyte, although other liquids, such as liquid ammonia,
may also be used.
The highest current density indicates the highest dissolution rate. From the base of dissolution rate, the plain nonanodized sample has a back lack of corrosion resistivity; on
the other hand, the anodized samples inform the highest
corrosion rate. This visual identiﬁcation is conﬁrmed by
the measurement shown in Table 1. The Ecorr and I corr values
for samples are as follows: Ecorr for plain samples receives
0.122 and 0.466, and 0.455 mV was reached in the anodized
sample.
3.6. Electrochemical Impedance Spectroscopy (EIS)
Investigations. The bode, phase angle, and Nyquist plots
were shown in Figure 4 after immersion of 30 minutes in
SBF solution. According to electrochemical theory, a current
ﬂow may also be obtained by charging and discharging the
double layer at the interface or by oxidizing/reducing chemicals on the electrode or in solution [22, 23]. The ﬁtting
model for the EIS analysis equivalent electrical simple model
circuit (two times constant) is shown in Figure 4(c) as EEC.
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Table 2: EIS parameter results obtained from plain, 10 vol.% and
20 vol. % of water contents.
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Figure 3: Nanomechanical properties of TiO2 nanotubes fabricated
underwater adding condition.
Table 1: Corrosion parameters calculation in SBF solution,
anodization of TiO2 nanotubes in water pour method.
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Figure 4: Potentiodynamic polarization study of TiO2 nanotubes
fabricated in water pour method.

This method directly connects impedance and phase angle
measurements as frequency, voltage, or current functions.
The stimulus is a low-amplitude alternating current signal
used to detect the electric ﬁeld or potential diﬀerence
between various sections of the sample.

The impedance spectrum of the samples examined is
determined by the connection between the data of the
applied stimulus and the response obtained as a function
of frequency [24, 25]. The kinetic behaviour results achieved
in the EEC model are listed in Table 2. Here, Rs represents
solution resistance, CPE1 denotes the double layer capacitance, Rc represents charge transfer resistance, and CPE2 is
noted as coating capacitance. Rb refers to coating resistances
[26, 27], and n denotes the phase shift to porous layers [28].
Figure 5(a) represents the impedance graph for the various anodized conditions. The frequency of the samples was
increased when the nanotubes fabricated water content varied. The plain sample and 10 vol. % sample show similar
results; on the other hand, the 20 vol.% of water contents frequency results were comparatively increased. This change of
frequency may be the rib formation all over the nanotubes at
the high-frequency results. An increase in frequency level
can also be due to the absorption by nanotubes; ingredients
present in the SBF solution take a high electrical resistance [21].
The phase angle shows that the plain sample delivers a
low level of angle. After the water content is added to the
solution result, the 10 vol. % of water addition increases
the phase angle compared to the plain sample, and the 20
vol. % of water content sample delivers the maximized result
could be identiﬁed from Figure 5(b). This increment in
phase angle may be the reason for the increase in tube surface morphology. The increase in rib structure over the tube
morphology may resist the kinetic behaviour of the nanotube or passive layer. Assumption of increment in phase
angle also indicates that the passive layer’s high stability
occurs due to the nanotubes rib formation.
Nyquist plot represented in Figure 4(c) the charge transfer between the electrode, and the electrolyte is typically represented by a semicircular arc in conventional electrode
materials [29]. The existence of one half-circle shows that
the system has an electrochemical interface. On the horizontal and vertical axes, respectively, Nyquist displays the complex impedance’s real and negative imaginary components
[30]. The plain uncoated refers to lower surface resistance
and the nanotube fabricated under 10 vol. % and 20 vol. %
indicated the higher resistance compared to the plain
sample. This increment happens by the formation of
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Figure 5: Kinetic behaviour analysis of TiO2 nanotubes: (a) bode, (b) phase angle and Nyquist plots.

nanotubes over the material. The nanotube has resisted the
resistivity by the solution to the sample.
On the other hand, the higher resistivity sample
increased may be the formation of ribs over the entire surface of nanotubes. In Table 2, the solution resistance
increased to 170.6, 171.4, and 171.8 for the plain, 10 vol. %
and 20 vol. % of water content fabricated conditions.
3.7. In Vitro Analysis. NIH 3T3 cells were used to analyze
the toxicity of titanium oxide nanotubes fabricated under
diﬀerent water vol. %. The analysis is carried out at three
diﬀerent incubation times of 24, 48, and 72 hours. MTT is
the yellow salt that is metabolized by live cells in NADH (nicotinamide adenine dinucleotide) and NADPH (nicotinamide
adenine dinucleotide phosphate) and (3-(4, 5-dimethylthiazol-2)-2, 5-diphenyltetrazuolium bromide). The control

cells were shown in Figure 5 with incubation time for 24
(Figure 6(a)), 48 (Figure 6(b)), and 72 hours (Figure 6(c)),
respectively. At 24 hours of control samples shown, a less
amount of cell was spread in the empty wee, 48 hours shown
cell growth was increased, and 72 hours of incubation show
the high growth of cell was shown in Figure 5(c). The cell viability for both the 10 and 20 vol. % of samples indicates the
same morphology shown in Figure 5(d).
Moreover, 48 hours of incubation time sample were
indicated in Figures 6(e) and 6(f). The cell growth was highly
increased, which could be identiﬁed from the inverted
microscopically images. The sample encourages the cell
viability on the surface area indicated the samples were
nontoxicity after 24 to 48 hours. Above the incubation time
of 48 hours, the test results were analyzed at 72 hours of
incubation. Figures 6(g) and 6(h) inform that the cell growth
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Figure 6: Cell viability analysis of TiO2 nanotubes fabricated under 10 and 20 vol. % of water content.
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growth with the increase in the incubation is credited to
the increased length of the nanotube with the increase in
the water content % [31].

4. Conclusion

24
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Incubation time (hrs)
Sample 1 at 10% water content

72

Sample 1 at 20% water content

Figure 7: Cell count analysis of TiO2 nanotubes fabricated under
diﬀerent water content levels.

was increased, and the sample was entirely covered with the
cells. This function indicates that the sample was a nontoxic
condition and encourages cell viability.
The increased development of osteoblast cells seen on a
vertically aligned nanotube surface might be beneﬁcial for
additional applications, since it could be a pathway for
increasing cell proliferation in a variety of diﬀerent cell
types. For therapeutic or diagnostic purposes, rare cells such
as stem cells or pathogenic cells in small quantities may be
grown at a faster rate. From the cell count of cell shown in
Figure 6 indicates the incubation time of cells at 24, 48,
and 72 hours. The black coloured bar indicates that (sample
1) nanotubes fabricated under the 10 vol. % of water content.
Sample 2 indicates that 20 vol. % of water content added
condition. From this cell count analysis, we could observe
that 10 vol. % of water content nanotube fabrication samples
deliver a lower cell count compared to the 20 vol % of water
content at 24 hours of anodization. In 48 hours incubation
time, the similar trend was observed. However, the 72 hours
of incubation the samples deliver that nearly the same values
could be identiﬁed from Figure 7. The increase in the cell

TiO2 nanotubes were successfully fabricated under 10 and
20 vol. % of water content added 5 minutes after the experiment begins. Two diﬀerent surfaces of rib formations were
achieved and identiﬁed by high resolution scanning electron
microscope. The nanotube surface rib formation has been
increased the nanomechanical properties were identiﬁed by
nanoindentation analysis. The presence of ribs all over the
nanotubes has highly supported the mechanical strength.
Analysis of corrosion indicated the deposition of oxide ﬁlm
on the nanotubes had encouraged corrosion resistances.
The long semicircle of the Nyquist plot indicates that the
sample’s resistivity on electrolyte medium was potentially
increased after adding the water content in the anodization
process. Moreover, the cell viability of the titanium material
has been highly encouraged after 72 hours of incubation.
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